Introduction
.
In this study, we report the isolation of a novel effector Members of the Ras superfamily of small GTPases play for CDC42Hs and identify it as the Wiskott-Aldrich synessential roles in the regulation of diverse cellular funcdrome (WAS) protein (WASP). The WASP gene was retions such as growth control, vesicular transport and cently isolated by positional cloning and was shown to cytoskeletal organization . These be mutated in WAS patients (Derry et al., 1994) . WAS is proteins function as binary molecular switches by cyan X-linked recessive disorder characterized by the triad cling between the active GTP-bound state and the inacof thrombocytopenia, recurrent infections due to detive GDP-bound state (Boguski and McCormick, 1993) . fects in T and B cell function, and eczema (Ammann The Rho-like GTPases include RhoA, RhoB, and RhoC, and Hong, 1989) . The cellular defects in WAS patients Rac1 and Rac2, CDC42Hs, RhoG, and TC10. Members are limited to hematopoietic lineages and include cyof this subfamily share ‫%03ف‬ sequence identity with toskeletal abnormalities of T cells and platelets (Molina other Ras-related proteins and >50% sequence identity et al., 1992) , failure of B cells to respond to polysacchawith each other .
ride antigens, and defective chemotaxis in neutrophils Over the last few years, it has become apparent that (Ochs et al., 1980) , suggesting that a defect in the organimembers of the Rho subgroup are key elements in the zation of actin cytoskeleton may lie at the basis of the dynamic organization of the actin cytoskeleton. Dissec- syndrome. Approximately 50 different naturally oction of the function of Rho GTPases in mammalian cells curring WASP mutations have been identified in patients identified Rac as a mediator of growth factor-induced with classic or attenuated forms of the disease, with lamellipodia formation (Ridley et al., 1992) and Rho as some correlation between the various missense, nona regulator of stress fibers (Ridley and Hall, 1992) . In sense, and splice site mutations and clinical severity yeast, CDC42 was shown to be involved in bud formation (Derry et al., 1995a; Kolluri et al., 1995; Kwan et al., 1995; Villa et al., 1995; Zhu et al., 1995; Wengler et al., 1995) .
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and was shown recently to bind NCK (Rivero-Lezcano et al., 1995) , an SH3/SH2 adaptor protein (Lehmann et al., 1990) . The WASP sequence also contains a putative nuclear localization signal and an acidic C-terminal domain (Derry et al., 1994) . By cell fractionation, WASP has been shown to be cytosolic with low levels in the nucleus (Rivero-Lezcano et al., 1995) .
Here we report that WASP has a GTPase-binding site that is similar to those found in Rac/CDC42Hs effector proteins and show that it interacts specifically with activated CDC42Hs. In different cell types, WASP localizes in clusters that are enriched in polymerized actin and are regulated by CDC42Hs. In addition, we also identified novel domains on WASP that are conserved among proteins that are involved in the organization of the actin cytoskeleton. Our study provides a link between a member of the Rho family, its effector WASP, and the control of actin polymerization and suggests a possible mechanism for defects of WAS that are associated with actin cytoskeleton abnormalities.
Results

A 62 kDa CDC42Hs-Binding Protein in Neutrophils Is Identical to WASP
By utilizing an overlay method, we recently identified three proteins in human neutrophil cytosol that bind the activated GTPase CDC42Hs (Martin et al., 1995) . When fractions of cytosol, separated on a Mono Q column, are probed on a filter with CDC42Hs preloaded with (A) Neutrophil cytosol (10 ml; ‫01ف‬ mg of protein) was applied on a Mono Q column and eluted with a 30 ml salt gradient (0-0.5 M NaCl).
[␥-
32 P]GTP, three bands of apparent molecular sizes 62, Collected fractions were analyzed by the overlay assay and probed 65, and 68 KDa are detectable ( Figure 1A ). 16 of 17 amino acids of this peptide are identical to amino acid sequence 288-304 of WASP ( Figure 1C ). The discrepant residue, a glutamate in p62 and a glutamine Marcus et al., 1995; Ramer and Davis, 1993) , the GBD in WASP, is most likely due to an error in peptide sewas also found in several proteins that are not serine/ quencing since a glutamine is conserved in the mouse threonine kinases, including WASP ( Figure 2A ). By com-WASP gene (Derry et al., 1995b) and since no E/Q separing the putative GBD of PAK-related genes from huquence polymorphism has been observed in numerous man to yeast, a consensus of 14 amino acids can be human WASP (hWASP) alleles (Derry et al., 1995a) . derived ( Figure 2A ). The WASP GBD sequence (amino To confirm that p62 and WASP are identical proteins, acids 238-257) shares 10 of the 14 residues of the conwe probed the filter of fractionated cytosol protein sensus and six of the eight amino acids that are invariant shown in Figure 1A with anti-WASP antibody and subsein the other proteins (marked by asterisks in Figure 2A ). quently with anti-PAK65 antibody. The p62 protein eluted in fractions 16-20 and was recognized by anti-WASP Binds Preferentially to CDC42Hs WASP antibody ( Figure 1B ), whereas p65 eluted in fracHaving identified p62 as WASP, we next studied the tions 11-15 and was detected with anti-PAK65 antibody binding specificity of a WASP-glutathione S-transferase (data not shown). These results further establish that (GST) fusion protein for the GDP-or GTP-bound forms p62 and WASP are the same protein.
of members of the Rho GTPase family. WASP-GST, containing amino acids 48-321 that include the putative GBD (amino acids 238-257) but exclude most of the WASP Contains a CDC42Hs-Binding Domain To identify proteins that contain the putative GTPase proline-rich region (Derry et al., 1994) , interacted only with the GTP-bound form of CDC42Hs but did not inter-(Rac/CDC42Hs)-binding domain (GBD) of PAK (Manser et al., 1994) , we conducted a search through the dataact with Rac or Rho ( Figure 2B ). After longer exposure of the film, a very weak interaction was observed for base using the GBD sequence of human PAK65 (hPAK65) Figure 3A ). Dual labeling with phalloidin, a fungal toxin specific for filamentous actin (F-actin), revealed a striking colocalization of WASP with polymerized actin, both for the small WASPcontaining particles and the larger clusters ( Figure 3B ). This costaining was not seen for all actin structures in the cell; none of the endogenous stress fibers, for instance, were clearly labeled with the anti-FLAG antibody, although all regions labeled with anti-FLAG antibody also contained F-actin. Transfected cells expressing very high levels of WASP showed a reduction in the number of stress fibers, indicating a disruption of the endogenous actin cytoskeleton.
To determine the region of WASP responsible for actin cluster formation, we transfected cells with a construct containing a 443 amino acid, C-terminally truncated WASP (WASP⌬C). In WASP⌬C-transfected cells, the fluorescent labeling was much more uniformly distributed; punctate staining throughout the cytoplasm could only be detected in cells with high levels of expression ( Figure  3C ), and colocalization with polymerized actin could not be unambiguously detected ( Figure 3D ). Similar results were obtained using transient transfection of monkey COS7 cells (data not shown). These results suggest that WASP C-terminal 59 amino acids are implicated in the control of actin polymerization or localization of WASP for in vivo studies than epithelial cell lines such as NRK or COS cells, which do not express endogenous WASP. Therefore, we transfected the two epitope-tagged WASP constructs into Jurkat cells and studied the localalone. These results indicate that WASP is primarily an ization of the proteins. Although these cells have a effector for CDC42Hs.
smaller cytoplasmic compartment and are much rounder than COS7 or NRK cells, colocalization of WASP The GBD Is Sufficient and Essential with F-actin was still apparent, with large punctate areas for CDC42Hs Binding of labeling in the cytoplasm ( Figures 3E and 3F ). The To evaluate the role of the putative GBD, we have detruncated WASP⌬C yielded cytoplasmic labeling with no leted the GBD from the WASP-GST plasmid (amino evidence for colocalization with actin (data not shown). acids 237-257) and constructed a GST fusion plasmid that contains the WASP-GBD (amino acids 235-268). As demonstrated by overlay assay ( Figure 2C ), the fusion Functional Interaction of WASP with CDC42Hs protein WASP-GST without GBD did not bind activated
We next performed microinjection studies with WASP CDC42Hs, while the small peptide including the GSTexpression plasmids in porcine aortic endothelial (PAE) GBD fusion protein did bind. These experiments confirm cells. As was found in the transfection studies, cells that the GBD of WASP is both necessary and sufficient for CDC42Hs binding.
expressing low levels of WASP displayed punctate la- beling of the cytoplasm, while cells expressing higher in F-actin ( Figure 4B ). Expression of WASP⌬C generated a much more diffuse distribution of WASP and greatly levels of WASP contained extended clusters of WASPrich particles ( Figure 4A ), which were strongly enriched diminished formation of extended clusters ( Figure 4C ). Furthermore, the relatively few clusters were not endid inhibit Rac-induced lamellipodia formation (right cell in Figure 7D ). Expression of constitutively active RhoAriched in F-actin ( Figure 4D ).
To examine the relation between WASP cluster forma-V14 in PAE cells caused stress fiber formation and cell contraction ( Figure 7E ), similar to the phenotype induced tion and actin polymerization further, we microinjected cells with WASP expressing plasmids and incubated by RhoA-V14 in other cell types (Ridley and Hall, 1992) . Coexpression of WASP, even at high levels, did not them with a low concentration (0.1 g/ml) of cytochalasin D (CD) shortly after injection. This treatment caused have any effect on the RhoA-V14 phenotype ( Figure 7F ). Taken together, these in vivo results are consistent with strong inhibition in the formation of extended clusters (compare Figures 5A and 5C ), suggesting that the clusthe specific in vitro interaction of WASP with CDC42Hs, its much weaker binding to Rac, and its lack of interactering process is dependent on actin polymerization. Interestingly, once the extended clusters are formed, tion with Rho. the polymerized actin that localizes to these clusters is strongly resistant to CD treatment at concentrations up Putative Domains Present in WASP and Other Proline-Rich Proteins to 1 g/ml for 45 min (data not shown).
To study the functional interaction of WASP with Rho Having identified a link between WASP and F-actin, we speculated that WASP may also contain sequences that family GTPases, we coexpressed WASP with the dominant negative constructs CDC42Hs-N17, Rac1-N17, and represent interaction sites for common cellular components implicated in actin organization and that these RhoA-N19. CDC42Hs-N17 strongly inhibited extended cluster formation of WASP ( Figure 6B ), while Rac1-N17
domains could be conserved in other proteins. Thus, we compared the amino acid sequence of WASP, excluding and RhoA-N19 had no effect ( Figures 6C and 6D ), indicating that CDC42Hs is essential for WASP clustering.
the polyproline sequences, with the amino acid and nucleotide sequences of the nonredundant sequence daWe further explored these in vivo interactions by coexpressing WASP with constitutively active forms of these tabase and with the expressed sequence tag database dbEST using the BLASTP and TBLASTN programs (SteGTPases: CDC42Hs-V12, Rac1-V12, or RhoA-V12. Expression of CDC42Hs-V12 induced extensive lamelliphen et al., 1990) . In addition to the GBD, we identified two distinct sequences in WASP in the N-terminal and podia and promoted highly characteristic bundling of stress fibers in PAE cells ( Figure 7A ), consistent with in C-terminal regions of WASP that are conserved in several proline-rich proteins known to be involved in the earlier observations indicating that CDC42Hs activates a GTPase cascade comprised of Rac and Rho (Nobes organization of actin cytoskeleton ( Figure 8A ). Because these regions were originally identified in WASP, we and Hall, 1995). Expression of WASP, even at low levels, strongly inhibited this phenotype ( Figure 7B ). Expression propose that these putative domains be termed WASP homology 1 and 2 (WH1 and WH2) domains. The domain of constitutively active Rac1-V12 in PAE cells caused a very similar phenotype to that of CDC42Hs-V12, except structures of proteins that contained WH1 and WH2 are shown in Figure 8B . WH1 is situated near the N-terminus that stress fiber bundling was less marked ( Figure 7C ). WASP at low expression levels did not interfere with of the identified proteins, followed by a long repetitive polyproline sequence. In contrast, the WH2 motif follows this phenotype (left cell in Figure 7D ), but at expression levels high enough to lead to extensive clustering WASP a polyproline sequence located near the N-terminus. A polyproline protein from S. cerevisiae (YSCLAS17) reinteracts with the activated form of CDC42Hs and have identified it as the product of the gene mutated in WAS veals a striking structural similarity to WASP and contains the WH1 in the N-terminus and polyproline se- (Derry et al., 1994) . Moreover, we have established a functional connection between CDC42Hs, WASP, and quences followed by WH2 in the C-terminus ( Figure 8B) . actin polymerization. The CDC42Hs-WASP-F-actin interaction establishes a link for a Rho family GTPase with Discussion the actin cytoskeleton and also provides an indication of the function for WASP, laying the basis for a molecular To elucidate the signaling pathways in which the Rho GTPases are involved, we searched for novel GTPase understanding of the clinical syndrome. Transfection and microinjection of WASP-expressing effectors. We have isolated a 62 kDa protein (p62) that plasmids into different cell types consistently demonstudies reveal that WASP binds specifically to the GTPbound form of CDC42Hs, but not to activated Rac or strated that WASP has a profound effect on actin polymerization. WASP expression induces the formation of Rho. Based on sequence alignment, we have identified a putative GBD and derived the consensus sequence F-actin-rich particles or, in overexpressing cells, dense aggregates of WASP and polymerized actin. These partiPxxxxHxxHVGxxxxxG. Furthermore, studies with a GBD-deleted WASP construct and with a GST-GBDcles are likely to contain new sites of F-actin nucleation. The precise nature of these WASP-containing particles only construct demonstrate that the 21 amino acids of the GBD are necessary and sufficient for WASPand clusters is not yet clear, however; so far, we have not observed any colocalization with markers for various CDC42Hs interaction. The specificity and biological relevance of this interaction are further demonstrated by vesicular compartments. In addition, WASP clustering was not inhibited by the microtubule depolymerizing studies of in vivo coexpression of WASP with dominant negative mutant forms of the GTPases. Dominant negadrug nocodazole (our unpublished data). In contrast, treatment with CD disrupted the formation of WASP tive CDC42Hs-N17 interferes with WASP cluster formation while WASP-induced cluster formation is not inhibclusters, suggesting the involvement of an actomyosinbased process in the formation of these structures.
ited in cells expressing Rac-N17 or Rho-N19. Further, coexpression of WASP with the constitutively We have shown that the regulation of WASP-actin cluster formation is mediated by the Rho family GTPase active mutant protein CDC42Hs-V12 disrupts lamellipodia formation in these cells. This inhibition is observed CDC42Hs. The Rho family GTPases have been previously implicated in distinct dynamic processes involvin cells expressing very low levels of WASP. In contrast, inhibition could only be observed at high expression ing the actin cytoskeleton: the formation of filopodia and lamellipodia by CDC42Hs and Rac, respectively, levels of WASP in cells coexpressing Rac-V12, suggesting that WASP is predominantly a target of and the assembly of focal adhesions and stress fibers by Rho (Ridley and Hall, 1992; Ridley et al., 1992; Nobes CDC42Hs. The observation that WASP inhibits lamellipodia formation in PAE cells expressing the constituand Hall, 1995; Chant and Stowers, 1995). Our in vitro tively active CDC42Hs-V12 is most readily explained by assuming that CDC42Hs normally activates Rac and that overexpressed WASP acts in a dominant negative fashion by sequestering activated CDC42Hs.
The clinical features of WAS also support a link between WASP function and the actin cytoskeleton. The most common clinical manifestation is severe thrombocytopenia. One possible mechanism for this could be that mutations in the WASP gene lead to abnormal cytoskeletal rearrangement in the megakaryocyte, which results in defective platelet formation. Abnormalities of platelet shape or surface features are recognized by the spleen, which sequesters and destroys these platelets, thereby releasing abnormal microplatelets into the circulation. After splenectomy, circulating platelets are restored to normal size and numbers (Mullen et al., 1993) .
Profound immunodeficiency involving B and T cells and recurrent infections are associated with the syndrome (Ochs et al., 1980) . Morphological and biochemical studies have suggested that the underlying defect underlying transmembrane signaling defect linked to an abnormality in the actin cytoskeleton. Recognition of nucleus and the cytoskeleton through CDC42 (Simon et mitogenic stimuli is likely to require cell polarization meal., 1995) , while in mammalian cells, the known upstream diated by actin cytoskeletal rearrangements. This hyeffectors for CDC42Hs, bradykinin, thrombin, and fMLP, pothesis is supported by the observation that actin all signal through G protein receptors (Kozma et al., bundling is necessary for T cell activation by anti-CD3 1995; Teo et al., 1995; Knaus et al., 1995) . Thus, an (Parsey and Lewis, 1993) . It is interesting to note in this apparently conserved signaling pathway in yeast and respect that CDC42Hs is also required for the polarizamammals involves G protein-coupled receptor, CDC42 tion of T cells toward antigen-presenting cells (Stowers and the PAK family kinases, STE20 and PAK65 in yeast et al., 1995) . The role of CDC42Hs in filopodia formation and mammals, respectively, that deliver signals to the has been previously demonstrated by microinjection exnucleus ( Figure 9 ). In addition, CDC42 must interact with periments and shown to be independent of Rho and effectors that directly impact the cytoskeleton. We have Rac (Kozma et al., 1995; Nobes and Hall, 1995) . Thus, provided evidence that in neutrophils and lymphocytes WASP may fulfill two roles in T cells, to stabilize microvilthis effector is WASP. In yeast and mammalian cells of lus projections and to transmit signals to the cytoskelenonhematopoietic origin the actin-regulating effectors ton. Taken together, the effects of WASP on the cyfor CDC42 are currently unknown. It is likely, however, toskeleton and the specific interaction with CDC42Hs that some of these effectors share properties with provide an explanation for the T cell abnormalities ob-WASP. served in WAS.
WASP contains polyproline regions that may interact WASP expression was originally found to be restricted with SH3-containing proteins as previously suggested to cells of lymphoid, erythroblastic, and megakaryocytic (Derry et al., 1994 (Derry et al., , 1995b . Indeed, the SH3 domain of origin (Derry et al., 1994) . We have now also detected NCK was recently found to bind WASP (Rivero-Lezcano WASP/p62 in neutrophil and macrophage cytosol, which et al., 1995) . NCK also interacts with another Rac/ raises the possibility that WASP plays a role in the orgaCDC42Hs effector protein, mouse PAK3 (Bagrodia et nization of the phagocyte cytoskeleton. It has been real., 1995) , and with tyrosine kinase receptors (Li et al. , ported that chemotactic responses of neutrophils from 1992) . This raises the possibility that WASP function may WAS patients are abnormal (Ochs et al., 1980) , potenalso be regulated by tyrosine kinase signaling pathways tially as a direct result of a defect in WASP-regulated ( Figure 9 ). In addition to the SH3-binding domain, WASP actin polymerization. In this regard, it is interesting to contains longer repeated proline-rich sequences, typinote that some chemokines signal through G proteincally four to five consecutive residues with one stretch coupled receptors. In the yeast S. cerevisiae, the G protein-coupled pheromone receptor signals to both the of 11 prolines. The role of repetitive proline sequences is still uncertain. In several instances, they have been of VASP typically appear as Gly(Pro)5, and three of the four copies are in a tandem repeat configuration. Moreshown to be involved in association of multiple protein complexes (Williamson, 1994) . Interestingly, we were over, a peptide corresponding to the VASP Gly(Pro) 5 tandem repeat competes with VASP in binding to proable to identify in the database two additional sequences that contain a GBD consensus sequence and a filin, supporting the notion that this region is important in VASP-profilin binding (Haffner et al., 1995) . Interestingly, proline-rich domain and are not related to PAK proteins. Both sequences encode long proline repeats, one of hWASP also contains a Gly(Pro) 5 sequence (Derry et al., 1994) while the mouse protein contains two such motifs which reveals sequence homology to a vinculin-related protein from a lower organism (data not shown). It is (Derry et al., 1995b) , suggesting that the effect of WASP on actin polymerization may be mediated through a diinteresting to note that the GBD has thus far only been found in PAK-related kinases and in proteins containing rect interaction between WASP and profilin. Three models have been proposed for the role of proline repeats, suggesting that these proline-rich proteins may represent novel GTPase targets that have VASP/profilin in actin polymerization. In the first model, VASP-bound profilin may regulate actin polymerization similar functions.
We also identified two novel putative domains in by dissociating actin to increase the local concentration of free actin. In the second model, VASP and profilin WASP, WH1 and WH2, that are conserved among several proline-rich proteins. Some of these WH1/WH2-interaction may lead to actin dissociation, followed by the formation of actin filaments. In the third model, VASP containing proteins were shown to be involved in the regulation of the actin cytoskeleton: Vasodilator-stimumay be involved in stimulating the exchange of ATP on actin (Pollard, 1995; Theriot and Mitchison, 1993) . In lated phosphoprotein (VASP) was shown to be implicated in actin polymerization (Haffner et al., 1995) , and addition, VASP was detected at stress fibers, focal adhesions, and cell surface protrusions (Haffner et al., 1995) , verprolin was shown to play a role in cytoskeletal organization and cellular growth in S. cerevisiae (Donnelly et whereas the C-terminally truncated VASP failed to localize to these sites. In this study, we have provided evial., 1993). In addition, ENA, the protein product of the Drosophila gene enabled, is involved in axonal architecdence that the C-terminal 59 amino acids of WASP are involved in the formation of WASP clusters and actin ture, consistent with a role in regulation of actin cytoskeleton (Gertler et al 1995) . The fact that WH1 and polymerization. An alternative interpretation of our results is that the C-terminally truncated WASP⌬C protein WH2 are conserved among polyproline-rich proteins that are implicated in cytoskeletal organization suggests is not folded properly, thereby disrupting its normal function. However, if it is indeed the case that the that they represent novel functional domains associated with the cytoskeleton. It is likely that the identified WH1/ C-terminal region of WASP is directly involved in actin polymerization, similar to the C-terminal region of VASP, WH2-containing proteins may also be regulated by Rholike GTPases via the interaction with a domain that is these regions may contain domains necessary for localization of these proteins to distinct sites in the cell. The different from the putative GBD. It is tempting to speculate that WH1/WH2 domains may be involved in linking structural similarities between VASP and WASP suggest that they may play related roles in actin polymerization. proline-rich proteins that are regulated by GTPases to structural components of the cytoskeleton.
In summary, this study provides a link between the GTPase CDC42Hs, its effector WASP, and actin polyMutations in WASP that affect domains identified as having functional importance in this study have been merization and demonstrates the pivotal role of CDC42 in the regulation of two pathways, a MAP kinase cascade found in WAS patients. The WH1 domain, encoded by exons 2 and 3, contains most of the missense mutations leading to transcription activation and a second pathway linking to the cytoskeleton that in hematopoietic identified to date. Eleven consensus amino acids have been mutated in patients with either thrombocytopenia cells involves WASP (Figure 9 ). The elucidation of the biochemical mechanism by which WASP and CDC42Hs or classical WAS (Derry et al., 1994 (Derry et al., , 1995a Kolluri et al., 1995; Zhu et al., 1995; Wengler et al., 1995; Kwan et al., regulate actin polymerization will contribute to our understanding of the regulation of the actin cytoskeleton. 1995). The GBD, encoded by parts of exons 7 and 8, has been disrupted in a single patient with classical WAS (Derry et al., 1995a) . In the C-terminal 59 amino WAS, while mutations leading to premature termination S columns, essentially as described previously for p65 (Martin et of protein synthesis in this region are associated with al., 1995) . Partially purified p62 was electrophoresed on SDSsevere disease (Derry et al., 1995a; Kolluri et al., 1995;  polyacrylamide gels, stained with Coomassie blue, and excised. The Zhu et al., 1995; Wengler et al., 1995) .
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